Abstract-A novel compact circular-polarization (CP) operation of the square microstrip antenna with four slits and a pair of truncated corners is proposed and investigated. Experimental results show that the proposed compact CP design can have an antenna-size reduction of about 36% as compared to the conventional corner-truncated square microstrip antenna at a given operating frequency. Also, the required size of the truncated corners for CP operation is much greater than that for the conventional CP design using a simple square microstrip patch, providing a relaxed manufacturing tolerance for the proposed compact CP design. Details of the experimental results are presented and discussed.
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I. INTRODUCTION
T HE well-known method of producing a single-feed circular-polarization (CP) operation of the square microstrip antenna by truncating a pair of patch corners is widely used in single-patch and array designs [1] , [2] . In this paper we demonstrate that such a method can also be applied to a modified square microstrip patch with four inserted slits of equal lengths to achieve a compact CP operation with relaxed manufacturing tolerances. The compactness of the proposed CP design is achieved due to the inserted slits at the patch corners of the square patch. These inserted slits can result in meandering of the excited fundamental-mode patch surface current path, which effectively lowers the resonant frequency of the modified square patch, similar to the design using four inserted slits of different lengths at the boundary of a square patch [3] . Instead of using different slit lengths for CP excitation [3] , which usually requires a very small slit-length difference for the case of large antenna-size reduction, the present design uses the perturbation of truncating a pair of patch corners, with the inserted slits to be of equal lengths. It is then found that, from experimental results, the required size of truncated corners for CP operation increases with increasing antenna-size reduction. This behavior gives the present design a relaxed manufacturing tolerance for achieving a compact circularly polarized microstrip antenna. Details of the proposed compact CP design are described, and typical experimental results are presented and discussed. antenna with mm (denoted as antenna 1 here), 14 mm (antenna 2), and 12 mm (antenna 3), with the side length of the square patch fixed at 28 mm. The measured results of the axial ratio against frequency in the broadside direction are shown in Fig. 3 .The corresponding CP performance is listed in Table I in which the reference antenna is constructed based on the design using a simple corner-truncated square patch. It is first noted that the center operating frequency , defined here to be the frequency with minimum axial ratio in the operating bandwidth, is observed to be 1970 MHz (antenna 1), 2101 MHz (antenna 2), 2262 MHz (antenna 3), and 2480 MHz (reference antenna). It can be seen that, by comparing to the reference antenna, the center frequency of antenna 1 is lowered by about 20%. The lowering in the center frequency can correspond to an antenna size reduction of about 36% by using the present proposed design in place of the conventional CP design (reference antenna) at a fixed operating frequency.
Moreover, it can also be seen that the required perturbation size of the truncated corners increases with the lowering of the center operating frequency. For the case of antenna 1 ( mm), the required area of the truncated corners is about four times that of the reference antenna. This suggests that, as compared to the design using a square patch with slits of unequal lengths [3] or a simple corner-truncated square patch [1] , the present compact CP design has a much relaxed manufacturing tolerance to achieve CP operation.
Finally, the radiation patterns of the present design are also measured and plotted in Fig. 4 . From the results obtained, good right-hand CP radiation is observed for the present study with the feed position at point A. It should also be noted that, due to the lowering in the center operating frequency for the proposed antenna which corresponds to an antenna-size reduction at a fixed CP operation, the CP bandwidth and antenna gain are both decreased (see antennas 1-3 in Table I ). For the gain enhancement of the present proposed design, the superstrate-loading technique [4] can be applied. For the bandwidth improvement, the use of a microwave substrate of larger thickness and lower permittivity can be considered.
III. CONCLUSION
Single-feed compact CP operation of the corner-truncated square microstrip antenna with four slits has been successfully implemented. When compared to the conventional corner-truncated square microstrip antenna for a fixed CP operation, the proposed compact CP design can result in a large antenna-size reduction (about 36%) and a relaxed manufacturing tolerance due to the increasing of the required perturbation area of the truncated corners for CP operation. Also, good radiation characteristics are observed for the present proposed compact CP design. 
